Escherichia coli RDEC-1 produces diarrhea in rabbits. It attaches to absorptive epithelial cells of the distal ileum, cecum, and colon and to M cells of Peyer's patches and produces an attaching/effacing (A/E) lesion at the site of colonization (5, 6, 26, 57) . The AF/R1 pilus that strain RDEC-1 expresses mediates an early stage of A/E adherence and is necessary for full virulence (7, 25, 61) . The pilus confers the ability to adhere to partially purified brush borders and to M cells (7, 25) . RDEC-1 also possesses sequences closely related to the genes of the locus of enterocyte effacement (LEE) pathogenicity island of enteropathogenic E. coli (37) , the products of which are required for the production of the A/E lesion (16) . RDEC-1 infection of rabbits is therefore a relevant, natural model of enteropathogenic E. coli infection of humans.
The production of AF/R1 is encoded on a 132-kb conjugative plasmid of RDEC-1 (11) . The gene encoding the structural subunit of AF/R1 pili, afrA, has been isolated, and its nucleotide sequence has been reported (62) . We examined the sequence and functions of additional DNA necessary for the function and expression of afrA. We identified two regulatory genes required for afrA transcription. One of these genes has homology to the araC family of transcriptional regulators. We also determined that the adherence function is encoded by one or both of two genes (afrD and afrE), downstream from the structural subunit gene afrA, and genes afrB (usher protein) and afrC (chaperone protein).
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. RDEC-1 is an E. coli O15:KϪ:HϪ strain that expresses AF/R1 pili. Shigella D15 and D12 were used as positive and negative strains for pilus expression, respectively, as strain D15 is an exconjugate containing the 86-MDa plasmid encoding AF/R1 pilus expression (11) . Strain M129, an RDEC-1 strain cured of the 132-kb plasmid (reference 62 and unpublished observations), and RDEC-1 42-2-37-8, a strain resulting from a temperature-sensitive mutation that does not express AF/R1 pili (27) , both served as negative controls for pilus expression. DH5␣ [F Ϫ 80d lacZDM15 endA1 recA1 hsdR17 supE44 thi-1 l Ϫ gyrA96 relA1 D(lacZYA-argF)U169] (Gibco BRL, Gaithersburg, Md.) was used as a host for recombinant plasmid constructions and transposon mutagenesis. Strain JM101 (59) was used as a host for bacteriophage M13 derivatives in nucleotide sequence analysis (59) . Multicopy plasmids pUC18 and pUC19 were used as cloning vectors. pKI100, a pACYC derivative (29) compatible with pUC vectors, was used as a vector for complementation experiments with pUC constructs. A KpnI fragment internal to afrA was cloned into pBluescript II KS(ϩ) phagemid (Stratagene Inc., La Jolla, Calif.) and used to prepare the probe for the Northern blots.
Organisms were grown in Luria broth or on Luria agar unless otherwise noted. Penassay broth was used to induce AF/R1 pilus expression in the wild-type RDEC-1 strain (11). Ticarcillin-clavulanic acid (100 mg/ml) was used to select for the presence of pUC derivatives, and kanamycin (25 mg/ml) was used for the selection of pKI100 derivatives.
Brush border preparation and bacterial adherence assay. Rabbit ileal brush borders were purified according to the method of Cheney et al. (10) . Bacterial strains were grown overnight and examined for their ability to adhere to the purified brush borders (10) . Bacteria adhering to 50 brush borders were counted, and results were calculated as the average number of bacteria/brush border. It was difficult to count more than 10 bacteria/brush border with any accuracy. For that reason, these brush borders were considered to have 10 bacteria when the average number of adherent bacteria was calculated. Adherence assays were performed on four separate occasions with different brush border preparations each time. Adherence was considered to be present if the results were significantly different from negative controls.
Purification of AF/R1 pili. AF/R1 pili were purified by a modification of the technique of Isaacson (28) . Pili were sheared from bacteria cultured overnight in static Penassay broth by using an Omnimixer (Omni International, Inc., Waterbury, Conn.). The pili were precipitated in an ammonium sulfate solution, resuspended in phosphate-buffered saline, pH 7.5, dialyzed against water, and eluted from a DEAE column in a discontinuous salt gradient. Pilus preparations were confirmed as pilus structures by electron microscopy of negatively stained samples of pili. Pili were electrophoresed in a sodium dodecyl sulfate-13% polyacrylamide gel, and stained with silver (44) for the assessment of purity.
Production of MAb. Monoclonal antibody (MAb) AFR20 was prepared according to a previously published technique (53) , except that RPMI 1640 culture medium was substituted for Dulbecco's modified Eagle's medium. Immunoblotting and Western blot analysis with purified pili confirmed MAb activity against AF/R1 pili.
Immunoassays for pili. Pilus expression in bacterial strains was detected by blotting unfixed bacterial colonies to nitrocellulose (colony immunoblot) or by dot blotting 2 l of bacterial suspensions or purified pili at a concentration of 1 mg/ml to an NC nitrocellulose, 0.45-m-pore-size filter (Schleicher and Schuell, Keene, N.H.). The nitrocellulose was air dried and incubated at room temperature in 5% skim milk for 1 h and MAb containing ascites fluid to a dilution of 1:1,000 (dot blot) or 1:10,000 (colony immunoblot) added to the skim milk. The blots were incubated for 6 h on a shaker at room temperature and washed three times in phosphate-buffered saline, pH 7.4. The skim milk solution was made at concentrations up to 1:10,000 in peroxidase-labeled goat anti-mouse immunoglobulin G, and the blots were immersed in the solution on a shaker, overnight at room temperature. The blots were washed three times in phosphate-buffered saline and developed in 0.01 M Tris (pH 7.4), 0.005% O-dianisidine, and 15 l of hydrogen peroxide per 100 ml. The blots were washed in tap water and air dried.
Oligonucleotide DNA probe for the AF/R1 structural subunit. A 68-base oligonucleotide with the sequence 5Ј-CAGGGTGATGTGCAGTTCTTCGGT ACCGTGACCGCGAAAACCTGCGATCTGGTGGTGGAATGCGAAGG-3Ј based on the N-terminal amino acid sequence of the AF/R1 pilus (9a) was used as a probe for the AF/R1 structural subunit.
Insertion mutagenesis. The transposon Tn5 was introduced into E. coli DH5␣ containing RDEC-1 AF/R1 plasmid constructs by infection with bacteriophage lambda b221 rex::Tn5 c1857 Oam8 Pam29 (4) . Transductants growing on a medium containing both ampicillin and kanamycin were harvested, and total plasmid DNA was isolated by the method of Birnboim and Doly (3) . The resulting pool of plasmid DNA was used to transform strain DH5␣. Transformants were selected on a medium supplemented with ampicillin and kanamycin. Transformants were screened for AF/R1 pilus expression with AF/R1 MAb.
Plasmid DNA was isolated from individual pilus-negative transformants, and restriction analysis identified the site of transposon insertion.
DNA transformation. Plasmids of interest were transformed into E. coli HB101 by the method of Hanahan (22) .
DNA manipulation and analysis. Plasmid DNA was isolated by the method of Birnboim and Doly (3) or by cesium chloride-ethidium bromide density gradient centrifugation (45) . For screening purposes plasmids were isolated by the method of Kado and Liu (30) .
Preparation of subclone expressing afrR. No restriction site was available to generate a subclone encoding afrR alone. The technique of oligonucleotidedirected in vitro mutagenesis was used to generate a site-specific mutation between DNA encoding afrS and afrR. Specifically, an SphI site was placed at bases 519 to 525 by changing a C to G at position 519 and deleting a C at position 524, in the carboxy-terminal end of afrS. The primer 5Ј-ACATCTTTCTGCAT GCTGA-3Ј (SphI site underlined) was used to generate the mutation by using the USB T-7 GEN in vitro mutagenesis system (58) (United States Biochemical Corporation). The mutated subclone was then cloned into pKI100 to produce p598 ( Fig. 1) , which was shown to produce AfrR in maxicell preparations. The mutation was confirmed by DNA sequencing.
Colony and Southern blot hybridizations. The synthesized oligonucleotide probe was labeled by phosphorylation with bacteriophage T4 polynucleotide kinase (47) with [␥-32 P]ATP (DuPont, NEN Research Products, Boston, Mass.). In the case of colony blots, bacteria were streaked onto Luria agar plates, incubated overnight at 37°C, and blotted onto Whatman 541 filters (Whatman, Bedford, Mass.). Colony and Southern blots were prepared, and hybridizations were conducted under high-stringency conditions (39, 41, 56, 60) . Hybridization and wash conditions were unusual due to the length of the oligonucleotide probe and included incubation at 42°C in 20% formamide with 0.2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) followed by two washes at 40°C in 0.2ϫ SSC. Results were visualized by autoradiography.
Northern hybridizations. Bacterial RNA was prepared as previously described (20) . The electrophoresis of RNA and transfer to nylon membranes were performed as previously described (2) . The afrA hybridization probe was prepared as follows. p365 was linearized with BamHI, and a 32 P-labeled antisense RNA VOL. 67, 1999 AF/R1 PILUS OPERON 2293 probe was generated with [␣-32 P]UTP, T3 RNA polymerase, and reagents provided in kit form (Maxiscript transcription kit; Ambion, Austin, Tex.). Hybridization conditions were as previously described (2) . Following hybridization, the nylon membranes were washed in 300 mM sodium chloride or 30 mM sodium citrate at 75°C for 4 h and then incubated at room temperature in the same buffer with 25 g of RNase A per ml and 10 U of RNase T 1 per ml. The membranes were then exposed to X-ray film.
Nucleotide sequence analysis. Bacteriophages M13mp18 and M13mp19 (43) were used to generate single-stranded DNA templates for the dideoxy-chain termination method of Sanger et al. (49) . Modified T7 DNA polymerase (Sequenase, version 2.0; United States Biomedical, Cleveland, Ohio) was used to generate the nucleotide sequence information. Sequences were also obtained by thermal cycle sequencing with Taq DNA polymerase and fluorescent dye-labeled terminators by using the ABI 377 automated sequencer of the Biotechnology Resource Laboratory of the Medical University of South Carolina. Doublestranded plasmid DNA was used as a template.
Expression of plasmid-encoded proteins in maxicells. Maxicell analysis was performed by a modification of the method described by Sancar et al. (48) . Overnight cultures of organisms harboring plasmids of interest grown in K broth (46) at 37°C were diluted 1:50 in the same medium, grown to the exponential phase, and then exposed to UV radiation from a germicidal lamp. Cultures were incubated for 1 h at 37°C following irradiation. Cycloserine was added to a final concentration of 100 mg/ml, and the incubation was continued for 12 to 16 h at 37°C. The bacteria were harvested, washed three times with Hershey salts (48) , and incubated for 60 min at 37°C in a Hershey medium (48) . [ 35 S]methionine (Dupont, NEN Research Products) was then added to a final concentration of 30 mCi/ml, and the incubation was continued for an additional hour. Bacteria were washed once with Hershey salts and lysed in polyacrylamide gel electrophoresis sample buffer. The radioactive polypeptides were separated on a 13% polyacrylamide gel (35) and visualized, following autoradiography.
Computer analysis. The Genetics Computer Group sequence analysis software package (14) and DNASTAR DNA analysis software for the Macintosh (DNASTAR; DNASTAR Inc., Madison, Wis.) were used for DNA analysis. Homology searches were performed with the BLAST programs (1) at the National Center for Biotechnology Information, Bethesda, Md. Multiple sequence alignments were performed with the MACAW program (52), which was kindly provided by G. D. Schuler, National Center for Biotechnology Information. Signal peptides were predicted by the method of Nielsen et al. (40) .
RESULTS
Isolation of the afr gene cluster encoding the production of AF/R1 pili. DNA isolated from E. coli RDEC-1 was partially digested with Sau3AI and size fractionated by agarose gel electrophoresis. Fragments of 15 to 20 kb were ligated into BamHI-digested pUC18, and the resulting plasmids were transformed into DH5␣. Transformants were examined by colony hybridization for sequences homologous to a 68-base oligonucleotide probe, the sequence of which was derived from a partial amino acid sequence of purified AF/R1 pili. Three of 600 colonies examined hybridized with the probe, and each of these bound the antibody specific for AF/R1 (data not shown). One of these was selected for further study and designated DH5␣(pJRC10).
Deletion and subcloning experiments revealed that an 8,314-kb SphI fragment of pJRC10 was sufficient for the expression and function of AF/R1. A pUC18 derivative containing this fragment was designated pRKB15.
Sequence analysis of the afr gene cluster. The complete nucleotide sequence of pRKB15 was determined, and open reading frames preceded by sequences encoding potential ribosome binding sites (54) were identified corresponding to each of these genes (GenBank accession no. AF050217). Genes were designated afrSRABCDE (Fig. 1) . Each gene encoded a predicted product of a size consistent with maxicell expression data, with the exception of afrD, which we were unable to visualize in maxicell gels (data not shown). Genes afrSR were of opposite polarity to afrABCDE. The afrS gene encoded a predicted signal sequence for transmembrane secretion, and a signal peptidase cleavage site is predicted between amino acids 27 and 28. AfrS was predicted to be a mature protein of 18,804 Da. This gene is related to ais, an aluminum-inducible gene of E. coli of unknown function (GenBank accession no. X83874), and prgG, a gene of unknown function of Salmonella typhimurium regulated by the PmrAPmrB two-component regulatory system associated with resistance to polymyxin (21) . The product of afrR, which was the only gene product of the operon that did not possess a predicted signal sequence, was predicted to be a mature protein of 32,359 Da and revealed significant relatedness to a number of transcriptional regulators of the araC family (18) . The most closely related proteins were Caf1R (32), a regulatory protein associated with the expression of the F1 envelope protein of Yersinia pestis, and RobA, an E. coli protein which binds to the right border of oriC (12) . The N-terminal region of AfrR also had homology with the C terminus of the AraC family of transcriptional regulators (18, 50) . The alignment of AfrR with Caf1R, AraC, and other related sequences by the MACAW multiple sequence alignment program (52) is discussed below (see Fig. 3 ).
The afrA gene encodes a predicted signal sequence for transmembrane secretion, and a signal peptidase cleavage site is predicted between amino acids 21 and 22, in agreement with the N-terminal amino acid sequence determined from purified AF/R1 pili (7a). AfrA is the structural subunit of AF/R1 pili, and the size of the mature protein is predicted to be 16,525 Da. AfrA had significant relatedness to a number of pilus structural proteins. The most closely related protein was the F18 fimbrial subunit of E. coli associated with edema disease in swine (23) . afrB was predicted to encode an amino-terminal signal sequence, and a signal peptidase cleavage site is predicted between amino acids 24 and 25. The mature protein is predicted to be 86,126 Da. AfrB is related to a number of usher proteins associated with bacterial pilus biogenesis. The most closely related protein was PefC, the usher protein of plasmid-encoded fimbriae of S. typhimurium (17) . afrC encoded a predicted signal sequence, and a signal peptidase cleavage site is predicted between amino acids 23 and 24. The mature protein is predicted to be 23, 196 Da and has significant relatedness to the PefD chaperone of Salmonella plasmid-encoded fimbriae (17) . afrD encoded a predicted signal sequence with a signal peptidase cleavage site predicted between amino acids 21 and 22. The mature protein was predicted to be 15,652 Da and was related to fedE of the F18 fimbrial operon. FedE is thought to be involved in determining fimbrial length and binding specificity (24) . The last open reading frame was afrE, which encoded a predicted signal sequence with a signal peptidase cleavage site predicted between amino acids 32 and 33. The mature protein was predicted to be 30,259 Da. No significant homology exists with proteins entered in sequence databases as determined by BLASTP comparisons (1) .
Insertion mutagenesis analysis. Tn5 insertion mutagenesis was used to assess gene function in DH5␣(pRKB18). Transductants were screened for the loss of AF/R1 pilus expression by using AF/R1 MAb. The results are shown in Fig. 1 . Insertions in afrABC resulted in a loss of pilus expression. Insertions in afrS and afrE did not affect pilus expression.
AfrS and AfrR encode positive transcriptional regulators of the afr gene cluster. The sequence relatedness of the predicted product of afrR with the AraC family of transcriptional activators suggested that AfrR may serve to regulate the expression of the afr gene cluster at the transcriptional level. We tested this hypothesis by complementation experiments on the expression of pili and Northern blot analysis to ascertain the effects of complementation. We examined the expression of afrA in the presence and absence of afrR. We also examined the effect of afrS, the open reading frame immediately downstream of afrR, on afrA transcription. Subclones of pRKB15 were constructed which lacked the region encoding afrRS. pRKB18 (Fig. 1) , which placed the Plac promoter upstream of afrA, mediated the production of AF/R1 pili as determined by a colony blot assay. In contrast, pRKB19 (Fig. 1) , which placed Plac downstream of afrE, did not mediate the production of AF/R1 pili, suggesting that the production of pili by pRKB18 was due to the positioning of the vector promoter upstream of afrA. A plasmid was constructed using a vector compatible with pUC derivatives, pKI100 (29) , which included afrRS. This plasmid was designated p507. When p507 was introduced into DH5a(pRKB19), AF/R1 production was restored. A second plasmid, p501, was constructed that encoded only afrS. Maxicell analysis of p501 confirmed the expression of afrS (data not shown). p501 did not complement AF/R1 pilus production. A plasmid encoding only afrR was constructed by using the pKI100 vector. This was designated p598, and afrR expression was confirmed by maxicell analysis (data not shown). p598 did not complement pRKB19 for AF/R1 expression. These results are summarized in Table 1 .
Northern blot analysis confirmed that the results of expression analysis noted above involved transcriptional activation. When pRKB19 was complemented with p507 ( Fig. 1) , which encodes both afrS and afrR, an eightfold increase in the amount of afrA mRNA was observed (Fig. 2, lane 2) relative to the amount of afrA mRNA produced by E. coli harboring only pRKB19 (Fig. 2, lane 1) , as determined by densitometric analysis. When pRKB19 was complemented with either p598 expressing afrR or p501 expressing afrS, no increase in the amount of afrA message was observed. These results are consistent with the hypothesis that AfrR and AfrS interact to activate the transcription of afrA.
AF/R1 pilus adherence is encoded in the afrDE region. A subclone of pRKB15, p562, that deleted afrE (Fig. 1) was prepared. DH5␣(pRKB15) and DH5␣(p562) were examined for AF/R1 surface expression with MAb and by rabbit intestinal brush border agglutination. AF/R1 antigen was expressed in both cases. However, only DH5␣(pRKB15) agglutinated rabbit brush borders (data not shown). This indicates that AfrA does not confer adhesiveness to AF/R1 fimbriae in the absence of AfrE. The role of afrD in AF/R1 pilus expression and function remains unknown. AfrD is highly homologous to FedE, one of two proteins reported to be essential for fimbrial adherence and fimbrial length of the F18 (24) .
DISCUSSION
Sequence analysis, maxicell assays, complementation experiments, and Northern blots have defined seven genes associated with the expression and function of AF/R1 pili by the rabbit pathogen E. coli RDEC-1. Our sequence extends the homology displayed between AfrA and FedA, the major structural subunit of F107 (now called F18 [24] fimbriae) (23) , through the C termini of the two peptides and is consistent with molecular size data. Comparison of the sequence of AfrA and the predicted sequence of mature FedA suggests that the two peptides have evolved from a common ancestor relatively recently, with an overall identity of 47% and a similarity of 62%.
We report the sequence of a gene downstream of afrA which we have designated afrB. Analysis of the predicted amino acid sequence of the putative gene product revealed significant homology with a number of usher proteins associated with pilus biogenesis. The most closely related was PefC, the usher protein of S. typhimurium plasmid-encoded fimbriae (17) . PefC has homology with PapC and FaeD, outer membrane proteins required for the biosynthesis of P and K88 fimbriae of E. coli, respectively (38, 42) . These proteins are required for the extracellular localization of fimbrial proteins, and proteins of similar sizes (80 to 100 kDa) are encoded by all E. coli fimbrial determinants studied (15) . We hypothesize that afrB encodes an outer membrane protein involved in the assembly of AF/R1 fimbriae. Transposon insertions in afrB prevent the expression of AfrA antigen on the bacterial cell surface, consistent with this hypothesis (Fig. 1) .
afrC encodes a protein with homology to periplasmic chaperones required for fimbrial synthesis in a number of systems, the best characterized of which is the pap operon, for which PapD serves as the chaperonin protein. These proteins act to protect fimbrial subunits from proteolytic degradation in the periplasm prior to assembly at the outer membrane (15) . Transposon insertions in afrC also prevent the expression of AfrA antigen on the bacterial cell surface (Fig. 1) , consistent with this hypothesis. Transposon insertion mutagenesis revealed that only afrABC were necessary for the expression of the AF/R1 pilus.
The functions of the region downstream of afrC, afrDE, which encodes two proteins, appear to include the adhesive properties of AF/R1 fimbriae. When afrE is deleted, AF/R1 fimbriae are produced which are antigenic but which do not mediate the adherence of E. coli to rabbit intestinal brush borders. This indicates that the adhesive subunit is distinct from the major structural subunit of AF/R1 and is likely encoded by afrE. Several fimbrial adhesins are characterized by adhesive subunits distinct from the major fimbrial subunits, Fig. 1 (34), and others. The characterization of the adhesive subunit of AF/R1 pili will be an important contribution to the understanding of the M cellspecific adherence mediated by these pili. The regulation of several fimbrial adhesin operons of E. coli involves members of the AraC family of transcriptional activators. Examples include Rns, CfaD, CsvR, and FapR, which are regulatory proteins for the fimbrial adhesins CS1, CS2, CS5, CFA/I, CS5, and 987P, respectively (8, 9, 13, 33) . Our observations indicate that the expression of AF/R1 pili requires a protein, AfrR, which displays homology with the AraC family of transcriptional activators (Fig. 3) . The homology of AfrR with Rns is rather limited, in contrast with the other AraC-related activators of E. coli fimbrial adhesins, which form a highly homologous group. Rns, CfaD, CsvR, and FapR have extensive regions of similarity and are all related to AraC at the C terminus. AfrR does not have any homology with Rns outside the AraC-related region. Moreover, the region of homology with the C terminus of AraC is at the N terminus of AfrR. AfrR is more closely related to a group of proteins including Caf1R (31) and Rob (55) . Caf1R is a positive regulator of the F1 envelope protein of Y. pestis, while Rob is a protein of E. coli which binds to the chromosomal origin of replication. AfrR, Caf1R, and Rob each have homology in their N termini with the C terminus of AraC. These three proteins also have homology with each other in their C-terminal regions. Other AraC-related proteins displaying significant homology with AfrR include SoxS, a regulatory protein involved in the superoxide response to E. coli (63) and the predicted product of an open reading frame downstream of tetA in Tn10 (51) .
The close relationship of AfrR with the Y. pestis regulatory protein Caf1R is of interest. The caf1 operon of Y. pestis encodes the production of a proteinaceous capsule, the major component of which is the F1 antigen (19) . Although this protein does not appear to form a fimbria-like structure, the operon encodes at least two proteins required for capsule assembly which have homology with fimbrial assembly and periplasmic chaperone proteins (19, 32) . Capsule production requires the presence of Caf1R, and the truncated derivative of Caf1R consisting of the N-terminal 81 amino acids of the protein is capable of positively regulating the expression of the capsule (31) . This is consistent with the observed homology of the N terminus of Caf1R with the DNA binding domain of AraC. The occurrence of these closely related regulatory proteins in two otherwise unrelated fimbria-like operons suggests that AfrR-mediated expression may represent a third general pattern of regulation of E. coli fimbriae associated with pathogenesis.
AfrS was related to two proteins of unknown function. Thus, the sequence information does not provide an indication of the function. Our data indicate that AfrS is required for the transcription of the afr operon. A transposon insertion in afrS did not affect pilus expression (Fig. 1) . However, in this construct, afrA transcription was likely mediated by a vector promoter, relieving the requirement for afrS. Possible modes of action of AfrS include a direct interaction with AfrR, an indirect involvement through interaction with another unknown regulatory protein, or signal transduction, as suggested by the predicted presence of a signal sequence for secretion. Details of the role of AfrS in afr transcriptional regulation await further studies on the localization of the protein and identification of potential interactions with other proteins or with the afr promoter.
